ABSTRACT: We used Woods Population Surface Method to estimate stage-specific mortality rates for populations of Calanus finmarchicus, Pseudocalanus elongatus, and Oithona similis from abundance data obtained during the Fladen Ground Experiment (FLEX 1976) in the northern North Sea. Temperatures from the day and night depth distributions of each developmental stage were used to force temperature functions for the duration of developmental stages. In addition, we considered the influence of potential food-limitation of development, which had only minor effects on the mortality estimates. We show that the risk of mortality changes substantially over the life span of the animals, with notable differences among species. O. similis, in particular, shows negligible losses after naupliar stages 1 and 2, which may account for its numerical dominance in many ocean regions. Differences among taxa are poorly explained by allometry alone and are instead related to species-and stagespecific differences in behavior. The vertical migration behavior of late developmental stages of C. finmarchicus (i.e. their choice of habitat) might help to reduce mortality risk. 
INTRODUCTION
The dynamics of zooplankton populations are of special interest for several reasons. Many of the dominant zooplankton species are mostly herbivorous, and therefore constitute much of the secondary production upon which higher trophic levels depend. Insight into the vital rates of natural zooplankton populations is therefore necessary to understand the factors controlling production in pelagic ecosystems. However, much more attention (and considerably more precision) has been focused on the processes of recruitment to populations than on other vital rates of population dynamics (Ohman & Wood 1995 , Ohman & Hirche 2001 . For instance, numerical models often implement very sophisticated considerations of zooplankton grazing, growth, development, and fecundity, but (much to the dissatisfaction of the authors of these studies) are left with very simple assumptions about loss terms (e.g. Carlotti & Radach 1996 , Carlotti et al. 2000 .
During the last decade, the risk of mortality has been established as vital for the understanding of habitat choice (Rosland & Giske 1994 , Kaartvedt et al. 1996 , Eiane et al. 1997 , behavior (Ohman 1990 , Fiksen & Giske 1995 , Ohman & Wood 1995 , De Robertis 2002 , and life history (Aksnes & Giske 1990 , Verity & Smetacek 1996 of organisms inhabiting the marine pelagial. Without proper estimates of mortality it is very hard, or impossible, to address any of these problems in quantitative terms.
The Fladen Ground Experiment (FLEX 1976 ) has contributed greatly to our understanding of the spring development of temperate-boreal zooplankton assemblages. This study sought to understand spring bloom dynamics in the northern North Sea, in a region where the influence of horizontal advection is relatively small. Some of the important topics that have been addressed include spring succession of the plankton community (Krause & Radach 1980 , Williams & Lindley 1980a , temporal activity and feeding patterns of zooplankton (Daro 1980 , Fransz & van Arkel 1980 , horizontal distribution of zooplankton biomass (Solow & Steele 1995) , habitat choice and patterns of vertical migrations (Krause & Trahms 1982 , Krause & Radach 1989 , and aspects of zooplankton population dynamics (Lindley & Williams 1980 , Williams & Lindley 1980b , Krause & Trahms 1983 . Reliable techniques for estimating zooplankton mortality rates were not available to these authors; hence, it has not been possible to include quantitative considerations about mortality until now.
In this study we revisit the intensive time series data generated during FLEX 1976 in order to estimate stage-specific mortality rates of 3 species of copepods: Calanus finmarchicus (Gunnerus 1765), Pseudocalanus elongatus (Boeck 1865) and Oithona similis Claus 1866. The selection of copepod species represents a variety of evolutionary solutions to life in the pelagial (Table 1) . Mortality has been hypothesized to be lower for the egg-brooding P. elongatus and O. similis than that of the free-spawning C. finmarchicus . Furthermore, the small size and reduced swimming activity of the cyclopoid O. similis have been assumed to result in lower encounter rates and susceptibility to predators, compared to calanoids (Paffenhöfer 1993) .
MATERIALS AND METHODS
Our analysis is based on the time series data of Calanus finmarchicus, Pseudocalanus elongatus and Oithona similis obtained during the Fladen Ground Experiment in 1976 (FLEX 1976 . Data were collected from RV 'Meteor' at the central station of the FLEX grid (58°55' N, 00°32' E), and were kindly made available to us by M. Krause. Temperature data were measured by conductivity temperature depth (CTD) sampling every 6 h (Soetje & Huber 1980 ; a detailed account on the thermal structure at the central station during FLEX 1976 may be found there). Chl a concentrations were estimated in situ down to 80 or 100 m depth using a submersible fluorometer (Elektro Optic Suarez, Krause & Trahms 1982) .
Zooplankton sampling was conducted from 26 March to 6 June (Days 85 to 157 of year) with 10 l Niskin water bottles 4 times a day (when possible) at standard depths (3, 10, 20, 30, 40, 50, 60, 75 or 80, 100 m; on 9 May sampling was also conducted near 150 m). Samples were filtered onto 30 mm gauze and preserved in 4% buffered formaldehyde. All organisms in each sample were counted and identified to species and, for the dominant species, to developmental stage. Thus, there was no subsampling error. Furthermore, although water bottle samples might reflect small-scale patchiness in the ocean, vertically integrated values from 4 profiles per day were averaged here, serving to considerably reduce the effects of small-scale variability. Krause & Trahms (1983) give a detailed account of zooplankton sampling at the central station during FLEX 1976.
We computed diel vertical migration (DVM) patterns from copepodid depth distributions by day and night from the part of the data set where the full water column was sampled to 150 m (10 May to 6 June). There were too few deep vertical profiles available between 10 and 16 May. Averaging the data to 6 June extends slightly beyond the temporal window of our calculations of mortality, but only from 17 May to 6 June, a relatively brief period of time.
We digitized naupliar data from published figures (Krause & Trahms 1983) . Zooplankton abundance data were integrated over depth and pooled into daily averages. The FLEX 1976 data set contains high quality data on other species. However, due to the lack of knowledge on their developmental times, we did not include them in our analysis. Several other taxa present in the FLEX data set were not included due to low abundance.
Although we expected water bottles to be appropriate sampling devices for nauplii, young copepodids, and adults of the smaller species, we were uncertain about a possible sampling bias against adults of Calanus finmarchicus. However, the results of Rey (2000) sug-184 Table 1 . Some of the differences between the species of zooplankton considered in this study as suggested by Paffenhöfer (1993) , & Ohman 1996) . This compares mortality rates estimated from the stage frequency data, obtained from undulated Gulf III tows along south to north transect in the FLEX grid at 4 distinct periods (Solow & Steele 1995) , with estimates obtained from water bottle samples for the same periods from the central station. Mortality estimates from these 2 data sources were very similar, and only in one case (C4, May 29 to 1 June) was there a significant (95% level) difference between estimates. We therefore see no evidence for a sampling bias against adults by this sampling method, provided animals are sufficiently abundant to be captured by bottles, and present our results accordingly. Mortality rates were estimated using the population surface method (PSM) (Wood 1994) . This method makes use of the McKendric-von Foerster equation to fit abundance data for an age-structured population to a smooth surface over age and time (see Wood 1994 for a thorough discussion of the technique). It requires ages of stage classes of individuals to be estimated independently of the abundance data set. We have based our estimates of age within a developmental stage on the observation that copepod developmental rates are strongly affected by temperature (Corkett & McLaren 1978 , Corkett et al. 1986 ) and, to a lesser extent, by food availability (Vidal 1980 , Campbell et al. 2001 . Thus, temperature at the weighted mean depth of each developmental stage was used to estimate ages. We explore departures from this assumption below.
Duration of developmental stages of copepods can be approximated by the Bêlehràdek temperature function (Corkett & McLaren 1978) :
where D is development time (d), T is ambient temperature and a, α and b are empirically fitted constants. For most copepods, b can be assumed to be 2.05 and α to be constant throughout the life span (Corkett & McLaren 1978) ; a must be fitted for each developmental stage. For Calanus finmarchicus, we used the parameter values from Campbell et al. (2001) . For the 2 remaining species, we parameterized Eq. (1) in the following way: For Pseudocalanus elongatus, we utilized Landry's (1983) developmental times for Pseudocalanus sp. (which was probably P. newmani) from nauplii stage 1 (N1) to adults (at 15°C). For embryonic durations, we used the experimental results of McLaren et al. (1989) and thereby estimated an embryonic development time of 1.93 d at 15°C. Then we computed the ratio between the duration time of each stage as measured by Landry (1983) and the embryonic developmental times from McLaren et al. (1989) . The ratios were then converted to a values for use in Eq. (1). For Oithona similis, (1) experimentally obtained durations for developmental stage N1 to adult at 15°C their Fig. 7a ), (2) α = -5, and (3) a = 1430 for egg duration calculated by Eaton (1971) for embryonic development were used to solve a linearized version of Eq. 1 for values of a at each stage. Temperature functions and parameters (a, α and b) are given in Table 2 .
The weighted mean depth of each developmental stage (N1 through adult) of all species was computed, as well as the depth interval within which 80% of each stage was found. This enabled us to describe the temperature experienced by each stage through time by mapping the depth distributions of animals onto the temperature profiles from the central station (Soetje & Huber 1980) . In doing so, we used the information on day and night distribution (i.e. the DVM pattern) in the data set to account for migrations through the ther-185 Thompson (1982) , Landry (1983) c Sources: Eaton (1971) , mally structured water column. Where DVM was detected, we have assumed that darkness was spent entirely in one depth habitat and daylight in another. The temperature function (Eq. 1) then translates into a 2-habitat function:
where x d and (1 -x d ) is the proportion of a 24 h period spent in the daytime habitat or nighttime habitat, respectively, and T d and T n are the ambient temperatures experienced when in the day or nighttime habitats, respectively. Daylength varied according to Skartveit & Olseth (1988) . We used chl a concentrations as a crude estimate of food availability. Although other food sources than algae are known to be used by particle-feeding copepods, no data from the FLEX study exist on other potential food types. Mapping chl a depth distribution at the central FLEX station with depth distributions of the copepod developmental stages suggested periods of potential food limitation. We used a value of 1.3 mg chl a l -1 as an indication of when developmental rates become food independent. This translates roughly to the critical concentration (75 µg C l -1 ) for development of Calanus finmarchicus nauplii and copepodids (Campbell et al. 2001 ) and, similarly, to the food concentration (1 ppm) below which most stages of C. pacificus develop more slowly (Vidal 1980 ; assuming a mg C to ppm factor of 65, and a C:chl a ratio of 50; Jørgensen 1979). To assess the possible effect of food-restricted developmental rates or other physiological effects that prolong development during specific time periods, we analyzed the sensitivity of the estimated mortality rates to increases in stage duration of 50 to 100% as reported for C. finmarchicus by Campbell et al. (2001) . We appreciate that there may be interspecific differences in the influences of food concentration and food type on developmental rates, but do not have field data available to address this issue.
RESULTS
The concentration of chl a increased immediately after thermal stratification of the water column, which began on approximately 20 April (Fig. 1) . The peak spring bloom lasted from ca. 27 April to 6 May, with chl a levels above 6 mg l -1 in the upper 45 m of the water column. On 17 May the water column was mixed as a storm passed the station and this lead to a drop in chl a concentrations. From the distribution of chl a (Fig. 1) we consider the time periods prior to 20 April, between 13 and 18 May, and after 28 May as periods of potential food-limited growth for herbivorous zooplankton.
Calanus finmarchicus abundance was low and generally dominated by older developmental stages prior to the onset of spring bloom; however, substantial numbers of nauplii appeared approximately a week before the bloom (Fig. 2A) . Population size increased appreciably after the rapid accumulation of chl a in the water column.
Pseudocalanus elongatus was present in the water column at higher abundance than C. finmarchicus prior to the bloom and all developmental stages were present throughout the study period (Fig. 2B) . Oithona similis was present at higher numbers than the other species, both before and after the onset of the bloom, and all developmental stages were continuously present (Fig. 2C) . No numerical response was evident until 15 to 20 d after the onset of spring bloom, unlike the more immediate responses of both C. finmarchicus and P. elongatus. Based on abundances and variability of the developmental stages of the 3 species investigated, and avoiding time periods of storm-associated flushing, the time window from 18 April to 16 May was chosen for estimates of mortality.
Concerning vertical distributions, early copepodid stages (C1 to C4) of Calanus finmarchicus were found in the upper 25 m during the night, but somewhat deeper (between 25 and 50 m) by day. Older stages (C5s and adult females) were found deeper than 50 m Arrows indicate the time interval over which mortality estimates were made both day and night (Fig. 3) . Copepodid stages C1 to C3 of Pseudocalanus elongatus were found at the same depth (ca. 50 m) both day and night, but a tendency to differentiate distributions on a diel scale was evident in the older stages, where day and nighttime distributions were at ca. 75 and 40 m, respectively (Fig. 3) . Oithona similis maintained the same depth distribution both day and night (median depth = 30 m) throughout the copepodid and adult stages (Fig. 3) .
Instantaneous mortality rates were high in the first nauplii stages (N1 and N2) relative to other developmental stages in all species. In Calanus finmarchicus, mortality remained very low from N3 until peaking at C5, after which it again decreased for adult females (Fig. 4A) . Mortality of Pseudocalanus elongatus was high early in life (0.11 d (Fig. 4B) . We have reservations about the unusually high mortality rate of C1 Pseudocalanus, which are discussed in more detail below. Mortality rates were not obtained for adult females because of the failure of the model to converge. Oithona similis only showed significant mortality at the first 2 nauplii stages (0.07 to 0.03 d -1 ), after which point mortality never reached higher values than 0.001 d -1 for the remainder of the life history (Fig. 4C ). We considered the effects of making different assumptions about the vertical distribution of the copepods on the temperatures (and hence development times) they experienced. The mortality rates in Fig. 4 are based on the assumption that individuals developed at the temperature corresponding to the weighted mean depth of the population. In Table 3 we show the deviations from these rates if most individuals instead develop at temperatures which occur at the depth occupied by the upper 80th and lower 20th percentiles of the each developmental stage. For the 3 species there were minor deviations from the mortality estimates obtained from the weighted mean depth of each population (Table 3 ). We also considered the possible effects of increased development times on mortality rate estimates, whether due to food limitation or other physiological effects that prolong development. A 50% increment in developmental time produced significantly higher mortality rates than presented in Fig. 4 for stage N3 Calanus finmarchicus and N3 Oithona similis. A 100% increment in developmental time produced significantly different mortality rates in C. finmarchicus N3, and O. similis N3 and N5 (Table 4) .
DISCUSSION

Mortality patterns
On Fladen Ground in the northern North Sea during spring, 3 co-occurring copepod species showed some similarities in mortality patterns, but substantially different rates of mortality. All 3 copepod species experienced highest mortality rates in early life, followed by low mortality rates until the late copepodid stages.
(Pseudocalanus elongatus at C1 may be an exception, as discussed below.) However, the magnitudes of the rates differed appreciably among taxa. The earliest naupliar stages of Calanus finmarchicus experienced mortality rates between 3 and 10 times higher than those of P. elongatus and Oithona similis at a corresponding developmental stage. Expressed as a function of body size, the scaling of these rates is in the 
. Estimated instantaneous mortality rates for (A) Calanus finmarchicus, (B)
Pseudocalanus elongatus, and (C) Oithona similis. C1 mortality rates for P. elongatus are uncertain, for reasons described in the text. N1 to N6: naupliar stages 1 to 6; C1 to C5: copepodid stages 1 to 5; Fem: female. Error bars denote 95% confidence limits opposite direction of predictions by allometric arguments, pointing to the need to understand the biological basis of such interspecific differences.
As the vertical distributions of the nauplii are not available from the FLEX study, we cannot address interspecific differences in vertical position and the extent of overlap with potential predators. In the Georges Bank region in the NW Atlantic, nauplii of Calanus finmarchicus and Pseudocalanus newmani + moultoni overlap extensively in the vertical plane and show similar body sizes . The chief difference between Calanus and Pseudocalanus is in their behavior, as reflected in the study of Sell et al. (2001) . Their results showed that the omnivorous copepod Metridia lucens captures Calanus nauplii at rates 3 to 7 times higher than Pseudocalanus nauplii. The Pseudocalanus nauplii appear to have much better escape responses than Calanus nauplii of the same size. The very low mortality rates of Oithona nauplii are related to their more quiescent behavior (in Titelman & Kiørboe 2003) . Mortality rates of copepod nauplii will be affected by encounter rates with predators, which are influenced by relative swimming speeds (Gerritsen & Strickler 1977) , but modulated by naupliar escape behavior (Landry 1980 , Greene 1986 ).
The initial stage-specific decline in mortality rates observed for the 3 species is likely due to increased body size, faster swimming speed, and therefore increased escape responses with successive naupliar stages. The stage-specific decline in mortality rate is similar to that observed for Calanus spp. in Lurefjorden, a fjord dominated by invertebrate predators (Eiane et al. 2002) , as well as in the open Norwegian Sea at Ocean Station M (Ohman et al. 2004) . It differs from the patterns for Calanus spp. in Sørfjorden, a fjord dominated by vertebrate planktivores (Eiane et al. 2002) , and Georges Bank in the Northwest Atlantic . Calanus spp. in the latter 2 systems experience considerably higher mortality at intermediate developmental stages. Such differences among regions are likely due to sitespecific differences in predator communities. Our estimate of Pseudocalanus elongatus mortality rate is somewhat lower (between 30 and 50% of average mortality from N1 through C5) than that of Pseudocalanus newmani in Dabob Bay (Ohman & Wood 1995) and P. newmani + moultoni on Georges Bank . The differences arise as the 2 latter populations suffer appreciably higher mortality rates from developmental stages N4 through N6, and from C2 through C4, than the North Sea population. The retentive circulation in both Dabob Bay and Georges Bank may serve to concentrate predators on mid-life-history stages of Pseudocalanus spp. at more elevated abundances than in the North Sea. The marked peak in mortality of developmental stage C1 of P. elongatus in the present study is comparable to the elevated mortality rates experienced by C1s in Dabob Bay (Ohman & Wood 1995) . Therefore it is possible that this is a characteristic trait in Pseudocalanus spp. dynamics. However, the peaked pattern observed here is quite 189 different from the relative constancy of mortality rates observed on Georges Bank . If abundances of C1 P. elongatus were underestimated for some reason in the present study, or stage durations were in error, this could result in an overestimate of mortality during that period of the life cycle. We know of no other field estimates of mortality patterns in Oithona similis, but note that mortality is low compared to the other species, and remains low throughout development (Fig. 4) . Since Oithona spp. females carry their eggs, egg mortality rates can also be inferred to be low, as observed for adult females (barring declines in physiological viability of eggs). The remarkable implication of the O. similis mortality schedule is that virtually all individuals that survive to the end of the N2 stage will also survive to be adult females in the natural ocean environment.
Diel vertical migration
Vertical migration out of food rich and warm surface waters in the day time increases fitness when visually searching predators constitute an important threat (Ohman et al. 1983 , Aksnes & Giske 1990 , Ohman 1990 , but comes at a cost of prolonged developmental times, or reduced fecundity, due to reduced foraging rates and lower temperatures (Aksnes & Giske 1990) . During the study period, diel vertical migrations (DVM) were a prominent feature of later copepodid stages of Pseudocalanus elongatus and earlier copepodid stages of Calanus finmarchicus (Figs. 3 & 5) . The shallow depth distribution of C. finmarchicus C1 to C4 at night overlapped the zone of highest chl a concentration, while daytime depth was in low (< 0.5 mg chl a m -3 ) concentrations, indicating a predominantly nocturnal feeding pattern. Daro (1980) found grazing rates of C. finmarchicus to peak at ca. 400 (mg C m -2 h -1 ) at nighttime, but to fall to <10 (mg C m -2 h -1 ) around noon in the upper 40 m in late May and early June at the central station. Migrating P. elongatus (C4 to adult females) stay at deeper depths by day, but we have no information about grazing periodicity in this species. We note that lower temperatures at their daytime depth imply an increase in development time of ca. 10%.
Predation risk in the plankton is size-selective (Brooks & Dodson 1965) , and anti-predation behaviors therefore should co-vary with size (Bollens & Frost 1989 , Lampert 1993 . Predictions of size-differentiated migration behavior have been made (Iwasa 1982 , Fiksen & Giske 1995 , DeRobertis 2002 , and observations exist for field populations (Andersen & Sardou 1994 , De Robertis et al. 2000 . In general, in the present study, the smaller copepodids showed little dayto-night variation in depth distribution, while larger forms tended to show larger amplitude migrations (Fig. 5) . Calanus finmarchicus C5s and adult females deviate from this pattern by staying deeper in the water column both day and night, perhaps to compensate increased predation risk associated with larger body size. Adult female C. finmarchicus reside deeper in the water column than C5s, and this deeper habitat is associated with reduced rates of mortality.
Oithona similis did not show DVM during the study period, and the low mortality rates in this species appear to be related to other characteristics of its behavior and morphology. This copepod is small and rather transparent, and therefore may be the least conspicuous to visual planktivores (Aksnes & Giske 1990). Furthermore, as Oithona spp. tend to drift passively, encounter rates with mechanosensory planktivores can be assumed to be lower than for faster-moving species (Gerritsen & Strickler 1977 , Kiørboe & Visser 1999 . Nauplii of Oithona spp. swim more slowly than nauplii of Calanus spp. or Pseudocalanus spp. (summarized in Titelman & Kiørboe 2003) . O. similis is also a particulate feeder that does not generate feeding currents, thus its hydromechanical signature is likely to be very limited relative to active suspension-feeding copepods (Paffenhöfer 1993 , Kiørboe & Visser 1999 . The ubiquitous distribution, and often high abundances, of Oithona spp., despite relatively low rates of feeding, respiration, and growth, may be attributed to their surprisingly low rates of mortality.
Life-history strategies
Generation times (as egg through C5, (Eaton 1971 , and 0.5 to 5.5 eggs female -1 d -1 (Paffenhöfer & Harris 1976 , Frost 1985 , Jonasdottir 1989 , respectively.
Mortality did not scale with size of copepods (linear and logarithmic regressions of mortality versus size of all nauplii, all copepodids, and all developmental stages combined consistently resulted in r 2 values < 0.09). Thus, the interspecific patterns we observe are at variance with the view that mortality should scale inversely with adult body size (Peterson & Wroblewski 1984) . Furthermore, N1 and N2 mortality rates, the stages of peak instantaneous mortality for all 3 species, also vary positively with naupliar body size (Fig. 6) , and not negatively, as predicted from allometric arguments (Hirst & Kiørboe 2002 ). As noted above, the interspecific differences in naupliar mortality are related to the quiescent swimming of Oithona spp., rapid escape responses of Pseudocalanus spp., and slower swimming of Calanus spp. nauplii.
CONCLUSIONS
Differences among Calanus finmarchicus, Pseudocalanus elongatus and Oithona similis in mortality, together with life-history and behavioral contrasts (Table 1, Fig. 3 ) shed light on key adaptations to life in the pelagial. The smallest species, O. similis, is a particulate feeder that primarily drifts passively, without generating a feeding current. Therefore, although lacking vertical migration behavior, it is relatively inconspicuous to both tactile and visual predators and experiences low mortality throughout its life span. This strategy is not likely to be very efficient for food collection; thus, low mortality comes at a cost of reduced growth and fecundity compared to that of herbivorous copepods. P. elongatus is capable of faster growth and perhaps higher fecundity than O. similis. Its larger size and feeding current probably makes it more conspicuous to visual and tactile planktivores, but rapid escape responses by nauplii and DVM by later developmental stages (Fig. 5 ) may, to some degree, compensate. Of the copepods studied, based on size alone C. finmarchicus is probably the most visually conspicuous to the predator community. It engages in DVM from developmental stage C1 (when it is approximately the same size as the migrating P. elongatus), and then remains deeper in the water column after stage C5. This could reflect ontogenetic migration out of surface waters associated with dormancy (Conover 1988) , thus minimizing time spent in the surface zone when visual predators are effective (Kaartvedt 2000) .
Our results, together with previously published work on mortality patterns of copepods, indicate that mortality varies by taxon co-occurring in the same environment, as well as by geographic region. This variability is probably an effect of local differences in the environment, such as predation pressure, but also in the organisms' life-history strategies and behavior. Fig. 6 . Relationship between instantaneous mortality rate and total length for nauplius stages 1 and 2 of Oithona similis (s), Pseudocalanus elongatus (m), and Calanus finmarchicus (h) 
